We present a novel application of a contactless flow measurement system and validate its feasibility on an electrolyte pipe flow. The device relies on the technique of Lorentz force velocimetry (LFV). LFV operates without any contact to either the fluid or the surrounding pipe walls. This is advantageous if the fluid under consideration is hot and aggressive, like a glass melt for example. Glass melts, however, have a very low electrical conductivity, resulting in Lorentz forces in the micronewton range. In order to resolve these tiny forces, we developed a measurement system based on the principle of deflection. Experiments on an electrolyte flow with an electrical conductivity of less than 20 S m −1 prove to be successful and to agree well with numerical simulations, and therefore show for the first time the applicability of LFV for fluids of such low conductivities.
Introduction
Flow measurement devices are used in a variety of industrial applications [1, 2] . In some industries the working fluids are hot, corrosive or abrasive. However, conventional measurement systems do not withstand such rough environments due to the necessarily direct contact of the measurement probe with the fluid or the pipe walls. In order to avoid these interactions a novel contactless flow measurement method, called Lorentz force velocimetry (LFV), has been developed [3] . The method works on the principle of measuring the Lorentz force acting on a magnet system when it is exposed to the flow of an electrically conducting fluid. Due to a growing need for automated flow rate measurements within an actual industrial environment LFV is becoming increasingly important. Possible applications include but are not limited to flows of hot, aggressive or non-transparent materials, like highly aggressive chemicals, glass and salt melts. The method of LFV has been extensively investigated [4, 5] , but, up to the present day, only for molten metals which have a high electrical conductivity. As Thess et al [6] have pointed out, the Lorentz forces generated by the flow depend linearly on the conductivity of the fluid. While the conductivity of molten metals is typically of the order of 10 6 S m −1 , the conductivity of electrolytes is only of the order of 1 S m −1 . Consequently the forces of LFV on electrolyte flows are 10 6 times smaller than those in the LFV of molten metals, namely of the order of micronewtons. The main experimental challenge of this work is to prove, despite the force resolution difficulties, that LFV can indeed be applied to electrolyte flows.
Experimental setup

Principle
When a magnet is placed near a flow of a conducting fluid, Lorentz forces are generated that act on both the fluid and the magnet [7] . If the magnet system is suspended freely, the force will lead to a displacement of the magnet system. In setup, the suspension is realized by parallel tensioned tungsten wires. An acting force results in a parallel shift of the coupling element with respect to the fixed support and an independence of the force application point. The displacement of the coupling element is measured with a corner cube interferometer (see figure 1 ).
Prototype
Using the principle mentioned above, we perform experiments with salt water as the working fluid, which has an electrical conductivity of up to σ = 14.0 S m −1 at room temperature.
The fluid flows through a test section of rectangular crosssection (30 mm × 50 mm) whose design is based on the numerical results of Werner et al [8] . Unlike the test section the remainder of the duct has a circular cross-section. The entire duct is made of common glass. The flow velocity is limited by the water pump and can reach fluid flow velocities in the range of up to u = 4.0 m s −1 . In order to generate a high magnetic field strength, we employ a strong magnet system with a 1 mm air gap on both sides of the test section (see figure 1 ). The magnet system is equipped with two high-energy magnets made of NdFeB (grade N48) and reaches a maximum magnetic flux density of the order of B Magnet = 410 mT between the two magnets. The magnet system itself is suspended on thin tungsten wires resembling a pendulum. The tungsten wires have a diameter of d = 175 μm and a free pendulum length of l p = 560 mm. The entire system has a weight of m 0 = 1.286 kg and is mounted on a frame of aluminum profiles. The whole measurement setup is fixed on a granite block and embedded in a box filled with sand in order to suppress the effects of vibrations of the surrounding building. 
Measurement results
Force-displacement calibration
3.1.1. Theoretical expectation. As explained in section 2.1, the Lorentz force F M resulting from the flow leads to a deflection s of the coupling element parallel to the aluminum frame.
The equilibrium of torques for the pendulum (see figure 2 ) can be written as
(1) Equation (1) is resolved to find the stiffness K s , which is the quotient of the measurement force F M and the deflection s,
The spring constant of the system c s is described by the free length of the pendulum l p , the number of wires n, their diameter d and Young's modulus E. It is assumed that the wires have a circular cross-section with constant diameter. The spring constant is
For small deflections (α → 0) the cosine in equation (2) becomes approximately 1. Thus, equation (2) can be simplified with the use of equation (3) to
The free length of the pendulum (l p = 560 mm) is very large compared to the small diameter of the wires (d = 0.175 mm); hence, the stiffness K s mainly depends on the free length of the pendulum and the dead load m 0 . Table 1 lists all parameters and their uncertainty as well as their contribution to the combined uncertainty. The stiffness of the system is estimated to be
The largest contribution to the combined uncertainty is the free length l p , as shown in table 1.
Calibration results.
To validate the value obtained above we built a calibration system. With this, we can relate the experimentally determined displacement to the corresponding force. Close attention was paid to apply the calibration force without friction and perpendicular to gravity. The force is applied by an electromagnetic voice coil (see figure 3 ) which consists of two main parts: a coil fixed to the support via a micro stage (1) and a solenoid-type magnet (2) which is fixed to the coupling element (3). The magnet attached to the coupling element is deflected by changing the electric current through the coil. The immersion depth of the coil inside the solenoidtype magnet is relevant, because the magnetic flux density of the magnet has an inhomogeneous spatial distribution. The voice coil was calibrated on a commercial balance in the direction of gravity. For this, the relation of the force and the immersion depth was measured (see figure 4) . The maximum sensitivity is taken for the calibration, since small changes of the immersion depth cause a small change of the sensitivity. The value of the maximum sensitivity is The current step size was I cal = 500 nA ± 60 pA (k = 2), resulting in a calibration force of
For the calibration of the pendulum setup the magnet system was removed due to possible interactions between the magnet system and the solenoid-type magnet of the calibration system. The mass of the magnet system was replaced by standard mass pieces enabling the possibility to retrieve information about the dead load. As shown in equation (4) the stiffness of the system depends strongly on the dead load m 0 . This dependence is shown in figure 5 , where the dead load was changed in the range of 0.747 m 0 1.747 kg. The slopes of the curves correspond to the calibration constants or stiffness K s of the system for the different dead loads. As the dead load of the pendulum setup (magnet system and coupling element) is m 0 = 1.286 kg, the calibration constant for our measurement system is K s (m 0,s ) = 20.99 ± 0.24 N m −1 (k = 2). This value is close to the theoretical value calculated in section 3.1.1. These results show that the above system is sufficient for calibrating our force measurement system.
Lorentz force measurement
Solid body experiments.
In order to test and validate our pendulum LFV we performed reference measurements on solid bodies. Instead of an electrolytic fluid, we moved several cylindrical aluminum rods with different diameters and conductivities through the measurement system with a linear drive. The velocities of the rods were in the range of 5 u 30 mm s −1 . For these rods the conductivity, the dimensions and the moving velocity are known and so the electromagnetic interaction can be simulated with numerical tools. The advantage of the solid rods is that the velocity is constant over their entire profile-no velocity profile needs to be taken into account to predict the generated Lorentz forces. Figure 6 shows the comparison between measurement results and predicted forces based on a quasi-static finite element simulation with COMSOL. The error bars show the standard uncertainty at the 95% level calculated according to the GUM [9] . The simulations are based on the ACDC-Module 'Magnetic and Electric Fields' (version 4.2a) including the Lorentz force term. The forces were calculated in a half section of the problem, using the symmetry plane between the two magnets. We used an automatically generated grid with 'extremely fine' grid spacing for the bar and 'normal' spacing for the magnet region, resulting in the use of a total of 240 000 tetrahedral elements of second order.
In order to determine the electrical conductivities, we identified the alloy types of the aluminum rods with the commercially available x-ray spectroscope Fischerscope XRAY XDV R -SDD. The ranges of the specific conductivities were then taken from [10] . Table 2 gives an overview of the conductivity ranges and the corresponding mean values for the aluminum rods.
The measurement results plotted in figure 6 show that the force increases linearly with the velocity as predicted in [6] . The measurements deviate from the simulations by up to 10%. Although growing absolutely, the relative deviation is constant over all velocities for each rod. One reason for this deviation is the unknown exact conductivity of the rods, due to the wide range in the DIN standard definition (see table 2 ). Also the local conductivity distribution inside the aluminum rods is unknown. Furthermore, the 3 m long rods could not be prevented from bending in their middle, while moving through the magnetic field. Since the magnetic field used in our LFV is inhomogeneous, this could lead to lower forces than predicted by the simulations. Other possible error sources are the temperature fluctuations, which influence the conductivity of the aluminum rods, the measurement setup and the permanent magnets. Stray magnetic fields in the laboratory might also change the calibration constant of the measurement system. Nevertheless, the solid body experiments show general agreement with the numerical predictions, which proves that the measurement system works well under laboratory conditions.
Flow rate measurements.
Based on the results from the calibrations and the solid body experiments explained above we perform fluid flow experiments with salt water. This provides the possibility of changing the electrical conductivity in the range of 2.3 σ 14.0 S m −1 , which is measured with a mobile conductivity meter [11] . In order to validate the measurement results of the pendulum setup the velocity of the fluid is measured with an ultrasonic flow meter (USF) [12] . The measurement probe of the USF is made of ferromagnetic material; thus, the USF and the LFV must be placed apart from each other. Therefore, the probe is mounted downstream and far away from the magnetic system. This is only possible by placing the USF probe in a part of the channel where the cross-section differs from that at the LFV probe, as has been explained in section 2.2. Thus, the actual velocity u at the position of the LFV must be calculated from the measured velocity u USF and the cross-sections at the USF (A USF ) and the LFV (A MA ), respectively (equation 5), We then calculate the Lorentz force from the deflection of the pendulum by the use of the calibration constant K s determined in section 3.1. The measurement results are shown in figure 7 . Furthermore, the diagram depicts the error bars for a standard uncertainty level of 95%. Figure 8 compares the curves of different conductivity from figure 7 with each other. We present the force divided by the velocity, which from [4] should depend linearly on the conductivity. The figure shows good agreement between 5 measurement data and prediction. The experimental data show that the Lorentz force is a roughly linear function of the mean flow velocity. This means that the data confirm that the slope of the function F M (u) increases with increasing electrical conductivity of the salt water. Generally, this demonstrates the feasibility of applying LFV to measurements of flow rates of weakly conducting fluids.
Conclusion and outlook
The feasibility of LFV for flow rate measurements of weakly conducting electrolytes has been successfully demonstrated with a highly sensitive pendulum force measurement system working with the principle of deflection. The measurement system has been calibrated and its stiffness has been determined to be close to numerical predictions. Solid body experiments have been performed to provide a means for validating the numerical simulations of the force dependence on the body velocity. Despite simplifications in the underlying assumptions, the experimental and numerical results agree well. Flow rate measurements have been performed with electrolytes of different electrical conductivities and at various fluid velocities in the range of 0.8 u 4.0 m s −1 . The experimental outcome and the good agreement with the numerical simulations prove that it is possible to measure weakly conducting fluids with LFV in a contactless way.
The next step will be the refinement of the experimental setup. We will change the method of detecting the Lorentz forces to a balance with so-called electromagnetic force compensation which will allow a better resolution of the forces. Furthermore, improved and optimized magnet systems, based on Halbach arrays [13] , will be used. Moreover, the duct will be modified to enable us to adjust the fluid profile. In this way, we will be able to investigate the effect of flow dynamics on the total Lorentz force.
